We report results from shell model studies of muon capture on 40 Ca to low-lying levels of 40 K. We discuss the comparison between calculated capture rates, measured capture rates and analogous transitions in (e,e ′ ) scattering in terms of the particle-hole structure of the 40 Ca-40 K nuclei. We highlight the 40 Ca(0 + , 0)→ 40 K(0 − , 2626) axial charge transition and its sensitivity to the induced pseudoscalar coupling g p of the proton's weak interaction. In addition, we address the hindrance of unique first-forbidden transitions due to particle-hole interactions and the emergence of allowed Gamow-Teller transitions due to ground state correlations. Lastly, we examine the longitudinal alignment of 40 K recoils following muon capture, and discuss this possibility for independently determining the induced coupling g p .
I. INTRODUCTION
Studies of muon capture on complex nuclei have spanned nearly fifty years. The early work [1] [2] [3] was devoted to establishing the universal V-A character of nuclear muon capture, while later work has focused on induced currents [4] , second-class currents [5, 6] and non V -A interactions [7] . Muon capture is also a valuable window on particle-hole excitations and spin-isospin modes in nuclei [8] , it complementing the information that is obtained from beta-decay, electron scattering and charge exchange reactions.
Of particular interest in nuclear muon capture is the induced pseudoscalar coupling g p of the proton's weak interaction. For the free proton, the coupling g p is predicted to fewpercent accuracy by symmetry arguments and thereby represents an important test of low energy QCD [9] [10] [11] . For the bound proton, its medium modification is sensitive to effects that range from pion exchange currents and ∆-hole excitations to partial restoration of chiral symmetry [12] [13] [14] . Indeed, some suggestions of a large A-dependent renormalization of the induced coupling g p have been published in the literature [12, 15] .
Measday and Stocki [16] have recently published new experimental results on γ-ray spectra from muon capture on 40 Ca that include determinations of partial rates and rate limits for numerous 40 Ca(µ,ν) 40 from the large quenching of such transitions in nuclear β-decay, such quenching arising from the coherent effects of the repulsive T =1 particle-hole interaction. One motivation for investigating allowed Gamow-Teller transitions stems from their absence in a simple closed-shell description of doubly-magic 40 Ca, their emergence arising from the multi-particle, multihole admixtures in the 40 Ca ground state. In addition, the 40 Ca(0 + , 0) → 40 K(2 − , 800) and 40 Ca(0 + , 0) → 40 K(2 − , 2290) transitions have well known analogs in (e,e ′ ) inelastic scattering [17] [18] [19] and charge exchange reactions [20, 21] . with the two f 7/2 -particles coupled to J = 0 and the two d 3/2 -holes coupled to J = 0-3. At higher excitation energies the increasing level density makes meaningful assignments between model configurations and experimental levels much more difficult.
Below we describe the model spaces and residual interactions we have employed in our calculations of the muon capture rates and the 40 K recoil alignments. Our basic philosophy was to utilize well-known, well-tested models "off-the-shelf", i.e. not fine tuning any model parameters. Our model calculations were performed utilizing the OXBASH code [29] .
A. A = 40 model spaces and residual interactions
Our primary calculations of 40 Ca(µ, ν) 40 K capture were conducted using the sd-pf model space and the WBMB interaction [30] . The WBMB interaction comprises the sd interaction of Wildenthal [31] , the pf interaction of McGory [32] , and a modified Millener-Kurath interaction for the cross-shell matrix elements [33] . As discussed in Ref. [22] , the sd-pf shell energy gap was empirically adjusted to reproduce the A = 35-41 binding energies and the We also performed calculations that employed a smaller d 3/2 -f 7/2 model space but allowed a richer 0-8hω particle-hole spectrum. These calculations used the single particle energies and two-body matrix elements of Sakakura, Arima and Sebe [34] which is hereafter denoted as the SAS interaction. This interaction was used in Ref. [34] to study the effects of multi- 
occupancies that range from 92 to 98% and the
occupancies that range from 75 to 99% (the occupancies are consistent with the compilation of spectroscopic factors in Endt et al. [35] 
III. MUON CAPTURE CALCULATIONS
In calculating the muon capture observables and nuclear matrix elements we used the formalism and notation of Walecka [37] and Donnelly and Haxton [38] (for details see Ref.
[39]). Note that in 40 Ca capture each 0 + →J π f transition involves a single spin-parity multipole and all observables are governed by the nuclear matrix elements of two electroweak
. In principle these nuclear matrix elements can involve the contributions of one-body, two-body and many-body weak nucleonic currents.
Herein we assume these operators can be represented by the sum of the A one-body weak nucleonic currents, i.e. the impulse approximation. In such circumstances the nuclear matrix
are expressible as sums of products of single-particle matrix elements (SPMEs) and one-body transition densities (OBTDs).
In calculating the nuclear matrix elements we assumed harmonic oscillator wavefunctions with an oscillator parameter b = 1.94 fm. In addition, we assumed a constant muon wavefunction over the nuclear volume with |φ 1s | 2 av = R|φ 1s (0)| 2 where φ 1s (0) is the muon wavefunction for a point-like nucleus and R=0.44 is the reduction factor for the 40 Ca nucleus [37] . In calculating the muon capture rates we generally fixed the numerically values of the weak vector, weak magnetic, weak axial and induced pseudoscalar couplings constants at g v = 1.0, g m = 3.706, g a = 1.27 and g p = 8.23. While the coupling g p is defined at q 2 = +0.9m 2 µ , the other couplings are defined at q 2 = 0 and therefore were scaled assuming a dipole form factor with Λ 2 = 0.73 GeV 2 . The momentum transfer q was computed via q + q 2 /2M t = m µ − ∆E − ǫ b where M t is the target mass, m µ is the muon mass, ǫ b is the µ − binding energy, and ∆E is the energy difference of the 40 Ca-40 K nuclear states.
As mentioned above we employed harmonic oscillator wavefunctions in calculating nuclear matrix elements -such wavefunctions poorly reproducing the true asymptotic behavior of nuclear radial wavefunctions. We note the effect of different choices of radial wavefunctions in first forbidden beta-decay in A ∼ 40 nuclei was studied by Warburton et al. [23] .
These authors reported only small differences between the relevant nuclear matrix elements obtained with harmonic oscillator wavefunctions and Woods-Saxon wavefunctions. In particular, the d 3/2 ↔p 3/2 matrix elements relevant to (0 + , 0)→(0 − , 2626) capture were found to differ by roughly 5-10% (of course it is possible that their results are not applicable at the higher momentum transfer of the muon capture process). In addition, the sensitivity of weak matrix elements and muon capture rates to different radial wavefunctions was studied in A = 12-32 nuclei by Kortelainen et al [36] . Again, in most cases these authors observed only minor differences between results derived with harmonic oscillator wavefunctions and Woods-Saxon wavefunctions.
IV. RESULTS FOR (µ − , ν) TRANSITION RATES
In Table I A crucial issue in the determination of the coupling g p from the (0 We note the effects of np-nh admixtures in first forbidden beta-decay were considered by Warburton et al. [23] . These authors concluded that the multi-particle multi-hole com- [20, 21] are all well known. In Table II we compare the 0 + →2 − reduced transition probability B(M2) obtained from the 40 Ca(e,e ′ ) data [19] , and the 0 + →2 − capture rate Λ obtained from the 40 Ca(µ, ν) data [16] , with the corresponding predictions of our model calculations and a pure d 3/2 →f 7/2 single-particle estimate. The d 3/2 →f 7/2 single-particle estimates are seen to exceed the measured value of This quenching or hindrance of the measured rate over the calculated rate -as observed for the (µ − , ν) capture rate and the (e, e ′ ) reduced transition probability to the (2 − , 800) state -is well documented for unique first-forbidden β-decay in mass A ∼ 40 nuclei (for example see Warburton et al. [23] ). As documented in detail by Towner et al. [44] , such quenching originates from the repulsive character of the T = 1 particle-hole interaction and its coherent effects on the particle-hole admixtures in the initial-final state wavefunctions.
In particular, in Ref. [23] wavefunction. In the (0+2)hω WBMB calculation the (0 We speculate -as mentioned by Measday and Stocki [16] -that their experimental capture rates may include unidentified cascade feeding from higher-lying 40 K levels. The recoil orientation about the neutrino momentum is termed the longitudinal orientation and the recoil orientation about the muon spin is termed the average orientation. For J ≥ 1 recoils the orientation includes both a recoil polarization (rank-one orientation) and a recoil alignment (ranktwo orientation). We consider the longitudinal alignment a 2 which is experimentally accessible in the γ-ray experiments.
V. RECOIL LONGITUDINAL ALIGNMENT
single-particle transitions and M 10 ·σ and M 1 σ·∇ matrix elements.
Could the longitudinal alignments in 0 + → (2 − , 800) transitions or 0 + → (1 + , 2290) transitions be measured? In certain cases the alignment imparts a directional correlation between the recoil nucleus and the subsequent de-excitation γ-ray [49] , and is thereby measurable by the γ-ray Doppler lineshape. However, such measurements require both a suitable γ-decay spin sequence and a short γ-decay lifetime. Specifically, the γ-recoil directional correlation
where P 2 (cos θ) is the Legendre polynomial, θ the angle between the recoil direction and the γ-ray direction, and B 21 the γ-radiation coefficient (see Ref. [48] 
